Approximately 75% of eukaryotic proteins contain more than one so-called independently folding domain. However, there have been relatively few systematic studies to investigate the effect of interdomain interactions on protein stability and fewer still on folding kinetics. We present the folding of pairs of three-helix bundle spectrin domains as a paradigm to indicate how complex such an analysis can be. Equilibrium studies show an increase in denaturant concentration required to unfold the domains with only a single unfolding transition; however, in some cases, this is not accompanied by the increase in m value, which would be expected if the protein is a truly cooperative, all-or-none system. We analyze the complex kinetics of spectrin domain pairs, both wild-type and carefully selected mutants. By comparing these pairs, we are able to demonstrate that equilibrium data alone are insufficient to describe the folding of multidomain proteins and to quantify the effects that one domain can have on its neighbor. alpha-helix ͉ protein folding ͉ spectrin ͉ m value ͉ equilibrium denaturation
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alpha-helix ͉ protein folding ͉ spectrin ͉ m value ͉ equilibrium denaturation P rotein domains are independent, evolutionary units that can form a single domain protein on their own or recombine with others to form part of a multidomain protein. The extent of recombination means that the vast majority of eukaryotic proteins contain more than one ''independently folding'' domain (1) . Most protein folding studies consider these domains in isolation (2) , but it may be important to consider these domains in their context; neighboring domains may be independent or there can be effects on both the stability and kinetic behavior in multidomain proteins (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . A complicating factor involves choice of domain boundaries (17) . An early study of the twodomain fibronectin type III (fnIII) pair FNfn9 and FNfn10 (FNfn9-10) of fibronectin found that FNfn9 was much less stable alone than in . However, later studies showed that the original FNfn9 was ''too short.'' A longer form of FNfn9 had the same stability as in . Evidence suggests that any effects are not simply due to crowding; Ig domains from titin behave just as the isolated domain even when both N-and C-terminal neighboring domains are attached (12); other protein-specific factors must play a role. The domain interfaces in multidomain proteins vary considerably. There may be an extensive interaction surface between domain pairs, whereas in other systems there are many fewer contacts. Elements of secondary structure can extend from one domain to another. So little work has been done in this area that it is difficult to relate types of interfaces to cooperative behavior between domains. A few investigations suggest that the nature of this interface might be critical. ␤-Sandwich proteins are commonly found in multidomain proteins; a few have been studied in detail. Whereas the fnIII domains of fibronectin and the Ig domains of titin, with short linkers and few interdomain interactions, fold and unfold independently (12, 13, 15) , similar domains with extensive interfaces (both Ig and ␥-crystallin domains) show increases in stability (8, 16, 19) and changes in folding kinetics. Only one study has used protein engineering to investigate the molecular basis for interdomain stabilizing effects in detail (20) . This field of investigation is important to understand protein folding in the context of multidomain proteins, which make up Ϸ75% of human proteins.
So few systems have been studied in detail (both kinetic and equilibrium studies on both single and multidomain proteins) that consistent mechanistic schemes of description, investigation and analysis have not been described, so it is difficult to compare different studies. In some cases, multidomain proteins have been investigated, but there are no data on the constituent domains alone (e.g., refs. 10, 19, and 21-23 ). An interesting paradigm is the three-helix bundle spectrin domains (24) (25) (26) (27) (28) (29) . These have an extended helix, so that helix C of one domain is contiguous with helix A of the next (Fig. 1) . Pairs of spectrin domains unfold at significantly higher concentrations of denaturant, or at higher temperatures, than the domains alone, and only a single unfolding transition is observed (20, 30, 31) . In one case, a folded domain has been shown to both increase the rate of folding and decrease the rate of unfolding of its neighbor (6) . What is puzzling about the spectrin repeats is that, in some domain pairs, the increase in [ (20) . Here we investigate this apparent anomaly by using the two-domain pairs R1516 and R1617 from ␣-spectrin. In both cases, the N-terminal domain folds first followed by the Cterminal domain. Whether apparent equilibrium ''cooperativity'' is observed (i.e., whether the m value is consistent with the unfolding of the protein as a single cooperative unit) depends on the relative rate constants for the folding of the constituent domains. That is, apparent equilibrium cooperativity depends on the kinetic behavior.
This study suggests that kinetic analysis is critical for the investigation of the effects that one domain may have on its neighbors; equilibrium data alone are not sufficient. It also shows that unexpected equilibrium m values or changes in m values may be diagnostic of complex changes in folding kinetics.
Results
Equilibrium Studies. A comparison of the equilibrium denaturation curves of the individual domains of R15, R16, and R17 to those of R1516 and R1617 are shown in Fig. 2a . CD and fluorescence traces all overlay. In R1516 and R1617, only a single transition is observed, with a higher apparent [urea] 50% than for the constituent domains. Importantly, however, whereas the m value of the transition increases for R1617 (consistent with the unfolding of the entire protein as a single cooperative unit), the m value of R1516 remains the same as that of the individual domains (Table 1) . It has been shown that both mutation and change of conditions can induce noncooperative equilibrium behavior in R1617 (20) , resulting in a decrease in m value and in some cases a loss of coincidence of CD and fluorescence data ( Fig. 7 , which is published as supporting information on the PNAS web site). Kinetics Studies of R1516 and R1617. R1516. The folding kinetics of R1516 were studied by using CD and fluorescence stopped-flow. Single-and double-jump experiments allowed the assignment of the R15 and R16 domains within the R1516 construct (for details of the assignment of the kinetic phases, see Supporting Text and R15 folds rapidly then R16 folds more slowly; both folding phases are observed in single-jump experiments (Fig. 2b) . The unfolding is more complex. R16 unfolds first and then R15 unfolds with a higher rate constant. As there is a slow unfolding phase (R16) followed by a faster phase (R15) only the unfolding of R16 can be observed in single jump unfolding experiments (unfolding of R15 can be seen in double-jump, interrupted refolding experiments) (Fig. 2b) . R1617. The folding of R1617 has been described (6). R16 folds first, followed by R17. R17 folds faster than R16. As this fast phase follows the slower R16 folding phase only the folding of R16 can be seen in single jump experiments (double jump interrupted unfolding experiments were necessary to see the folding of R17 in R1617) (Fig. 3a) . In the unfolding, R17 unfolds first then R16. Below 6 M urea, the unfolding of R16 is faster than R17 unfolding and so this phase is not observed in single-jump unfolding experiments. However, due to differences in the slope of the unfolding arms, the chevrons cross at Ϸ6 M urea. Above 6 M urea, both unfolding phases are observable in single jump experiments; R17 unfolds first (fast) and R16 unfolds second (more slowly).
Two mutants of R1617 were studied to investigate the effects of the kinetics on apparent equilibrium cooperativity: S20A, which apparently unfolds cooperatively at equilibrium (high m value and coincidence of CD and fluorescence data), and L203A, which unfolds noncooperatively at equilibrium (low m value and noncoincidence of CD and fluorescence data). S20A has the same kinetic signature as wild type (Fig. 3b) . However, L203A has two unfolding phases observable at all concentrations of urea (Fig. 3c ). 
Discussion

The two domains unfold as a single cooperative unit in an all-or-none fashion: No intermediate states between fully unfolded and completely
folded proteins are populated at equilibrium. In this case, only a single transition will be observed, and the m value will be approximately double that of the single domains; doubling the size of [urea] . Note that the rollover in the folding kinetics of R1617 reflects dead-time formation of a collapsed intermediate, which is marginally stable, has little secondary structure, and is not populated at equilibrium (6).
CI2 by inserting a second domain into a loop resulted in almost double the m value (36) . These scenarios are all modeled in Fig.  9 , which is published as supporting information on the PNAS web site.
For R1617, a single transition is seen at equilibrium and the m value is Ϸ1.6 times that of R16 or R17. Thus, R1617 displays apparently cooperative all-or-none behavior, and there is no evidence for any accumulation of partly folded intermediate species.
Equilibrium Behavior of R1516. Only a single transition is observed for R1516 and the CD and fluorescence data overlay (Fig. 2a) , usually taken to be an indication of cooperative folding (secondary and tertiary structure are forming concomitantly). However, the m value is the same as R15 and R16 alone; it does not appear to be folding as a single cooperative unit, unlike R1617 (Table 1) .
Folding Pathways of R1516 and R1617 Are the Same. In both R1516 and R1617 the N-terminal domain folds first, at a rate similar to the domain alone. This domain (R15 in R1516 and R16 in R1617) is stabilized by its unfolded neighbor by decreasing the unfolding rate constant. The C-terminal domain folds second, and unfolds first, and is stabilized by its folded neighbor through both an increase in its folding rate constant and a decrease in its unfolding rate constant (Fig. 4) .
The Effect of Neighboring Domains in R1516 on Stability and Kinetics.
We can compare R15 alone and R15 in R1516 (Fig. 5 and Table  1 ). The folding rate constant of R15 is unaffected by unfolded R16. However, the unfolding rate constant of R15 is significantly reduced in the presence of unfolded R16. R15 is stabilized by Ϸ1.9 kcal⅐mol Ϫ1 by unfolded R16. We never observe the folding or unfolding of R15 in the presence of folded R16. However, the unfolding of R15 in fully folded R1516 must be slower than the unfolding of the R16 domain; i.e., R15 must be stabilized to a greater extent by folded R16 than by unfolded R16.
A comparison of the kinetics of R16 alone to that of R16 in R1516 (Fig. 5 and Table 1) shows that both the folding and unfolding rate constants are affected by the neighboring folded R15 domain. R16 is stabilized by Ϸ1.7 kcal⅐mol Ϫ1 by folded R15. We never observe R16 in the presence of unfolded R15; R15 folds much more rapidly than R16 and can only be observed to unfold after the R16 domain has unfolded.
Equilibrium Cooperativity Can Be Explained by the Kinetics. From the folding and unfolding rate constants, the equilibrium populations of different species at all urea concentrations can be determined (Fig. 6) : the native state, N (both domains folded), the denatured state, D (both domains unfolded), and the intermediate species, I (for R1516, I has a folded R15 and an unfolded R16 domain; for R1617 I has a folded R16 and an unfolded R17 domain). In the transition region, R1516 has a significant population of intermediate (Ϸ40%), but in R1617, I never accumulates to Ͼ10%. Modeling of the data to predict equilibrium curves (Fig. 6 c and d) demonstrates that population of I at equilibrium is the direct cause of the lower than expected m value in R1516.
I accumulates in the transition region of R1516 and not R1617 because of the relative rates of the formation and degradation. In R1617 I (with only R16 folded) folds to N faster than it is formed (Fig. 4) (the rapid folding of I to N cannot be observed except in double-jump experiments). Thus, for R1617, there is a single rate-determining step for the formation of N, and I does not accumulate. In R1516, I, with only R15 folded, forms more rapidly than it folds to N, thus I accumulates and both refolding phases are observed: the folding of R16 is slower than R15 even in the presence of folded R15. In unfolding conditions, in the transition region, in both R1516 and R1617, I unfolds more rapidly than it is formed. This finding suggests that, for a two-domain protein where the domains fold sequentially, an apparently cooperative transition with a high m value will be observed only where there is a single observable rate constant for both folding and unfolding. The results from the mutants of R1617 are consistent with this hypothesis. Apparent equilibrium cooperativity is lost in the L203A mutant, which has more than one observable unfolding rate constant in the transition region. Analysis of the kinetic data shows that an intermediate accumulates to Ϸ80% at the apparent [D] 50% (Fig. 6d) . R1617 S20A maintains apparent equilibrium cooperativity (high m value and coincidence of CD and fluorescence signals). There is only one observable rate constant for both folding and unfolding in the transition region for this mutant. Only above 6.5 M urea are two unfolding rate constants observed (as in wild type). Further analysis shows that, as for wild type, I is never populated to Ͼ10% in the transition region (Fig. 6c) .
Conclusion
Although Ϸ75% of all human proteins contain more than one domain, there have been few investigations into the effect that R1617 (b) . The rate constants shown are the folding and unfolding rates extrapolated to 0 M denaturant. In both cases, the N-terminal domain folds first, followed by the C-terminal domain. In R1617, there is also a low stability partly folded early intermediate (I 1) that has little secondary structure but can be detected by a dead-time change in fluorescence (6). (41, 42) . In R1516, R16 is folding and unfolding in the presence of a folded R15 domain. The R16 domain folds more rapidly and unfolds more slowly in R1516.
the folding of one domain can have on the folding of a neighbor. Interdomain interactions may have important biological significance. During protein synthesis, cotranslational folding of domains, one at a time will protect against misfolding and͞or aggregation (37). Catalysis of the folding of one domain by a preformed neighbor might also enhance the efficiency of folding The population of I is negligible at all denaturant concentrations for wild-type R1617 and the apparently cooperative mutant S20A. I is significantly populated in R1516 and the ''noncooperative'' mutant of R1617, L203A. These data were used to model the expected equilibrium data for R1516 (c) and wild-type R1617 (d). It was assumed that the two domains had the same CD signal (as they have approximately the same number of helical residues) and that R16 (two Trp residues) has double the fluorescence change of R15 or R17 (one Trp each). The modeled and experimental data overlay. Thus, it is apparent that it is the population of an intermediate at equilibrium that leads to a lower equilibrium m value in R1516 (and the L203A mutant of R1617) than in wild-type R1617.
after synthesis (6) . Furthermore, in the cell, long-lived proteins will undergo a number of individual domain unfolding events. An unfolded domain is vulnerable to proteolysis or aggregation. Stabilizing interdomain interactions may protect the protein by both increasing the unfolding half-life (decreasing the likelihood of unfolding) and speed up refolding (recovery of the native fold).
How far cooperative folding, if observed, depends on the nature of the interface between neighboring domains is unknown. Little work has been done to assess whether folding pathways themselves are affected by interdomain interactions, and in the case of one protein, phosphoglycerate kinase, the data are somewhat contradictory (11, 38, 39) . For progress to be made in this field, common, systematic methods of analysis are vital. Direct comparison must be made between domains in isolation and the multidomain protein. Importantly, this analysis of spectrin domain pairs demonstrates that equilibrium data alone are insufficient to quantify the effects of one domain on another. Moreover, m value differences can reflect complex kinetics that can only be dissected by detailed experimental analysis, and unexpectedly low m values can indicate the presence of an unfolding intermediate, even where CD and fluorescence data coincide.
Materials and Methods
Protein Mutagenesis and Purification. The sequences of R15, R16, R17, and R1516 and R1617 are described in Fig. 10 , which is published as supporting information on the PNAS web site. The proteins were mutated, expressed, and purified as described (40) .
Reagents. All experiments were carried out in sodium phosphate buffer, pH 7.0, at 25 Ϯ 0.1°C. Concentrations of urea solutions were determined by refractive index. R1617 wild type and mutants were studied in 5 mM DTT.
Thermodynamic Measurements. The thermodynamic properties of R1516 were determined as described (20) . Samples were left to equilibrate for at least 4 h. Kinetic Studies. Kinetic studies were carried out by using an Applied Photophysics SX.18MX and an Applied Photophysics *-180 instrument. Protein concentration was Ϸ1 M for fluorescence measurements and Ϸ5 M for CD measurements. An excitation wavelength of 280 nm was used with emission monitored at wavelengths Ͼ320 nm. CD data were collected at 222 nm. Between 10 and 15 kinetic traces were obtained at all [urea] . The data for single-jump experiments were fitted by using Kaleidagraph (Synergy Software, Reading, PA); double-jump experiments were fitted globally using Prism (GraphPad, San Diego, CA). All rate constants were independent of protein concentration.
